The fine structure of the cone and rod outer segments of the toad was studied under the electron microscope after fixation in osmium tetroxlde and fixation in formaldehyde followed by chromation. In the OsO4-fixed specimens, the rod outer segment appears to be built of a stack of lobulated flattened sacs, each of which is made of two membranes of about 40 A separated by an innerspace of about 30 A. The distance between the rod sacs is about 50 A. The sacs in the cone outer segment are originated by the folding of a continuous membrane. The thickness of the membranes and width of the spaces between the cone sacs is the same as in rod, but the sac innerspace is slightly narrower in the cone (~-~ 20 A).
Since W. J. Schmidt (19) studied the structure of retinal rods and cones by means of polarization microscopy, it has been known that the outer segments of both photoreceptors show a high degree of molecular orientation. The uniaxial positive birefringence, which changes to negative after lipid extraction, led to the interpretation of the structure as consisting of transversely oriented protein layers alternating with layers of lipid molecules longitudinally oriented along the axis of the photoreceptor. This type of layered organization with units smaller than the wave length of light was confirmed by electron microscope studies of fragmented and sectioned rod outer segments (24, 25) . These observations indicated that the outer segment of the rod, in the * Work supported by Grant B 1549 of the National Institutes of Health. guinea pig and other mammals (6) , is made of a stack of flattened "discs" or sacs having a double membrane structure. In the cone outer segment of the perch, Sji3strand found at first a single membrane per disc (25) , but later with higher resolution work a similar bimembranous unit was found in the cone cell (27, 7) . More recently an interesting peculiarity has been described in the double cones of the perch retina (28) . In these cells, the bimembranous units of the outer segment are formed by a continuous membrane that is repeatedly folded.
Sji~strand (25, see also 28) postulated that the dense membranes observed in the outer segments are of protein nature and that the narrower spaces in between them are occupied by a bimolecular layer of lipid. Based on observations on cat and frog photoreceptors, Wolken (36, 37) reached the conclusion that the outer segments are made of double lipoprotein membranes and that the spaces 494 STRUCTURE OF RETINAL PHOTORECEPTORS in between are occupied by soluble protein in an aqueous phase. Unfortunately, the x-ray diffraction studies, which have given many important data on the structure of myelin, have not been extensively applied to photoreceptors. Practically the only datum obtained has been the dimension of the repeating period in the tissue fixed in OsO4 (11) .
The interpretations made on the basis of the electron microscope observations have been handicapped by the fact that the exclusive use of OsO4 as a fixative offers, as it will be shown, an incomplete view of the fine structure of the retinal photoreceptors. In search for an alternative fixative, it seemed worthwhile to test fixation procedures of the type used in Weigert's chrome-hematoxylin method for myelin (34) and in the several histochemical techniques for lipids that originated from Weigert's method. All these techniques have in common the prolonged treatment of the tissue by dichromate solutions. The staining of lipids is a result of the binding capacity of lipids for chromium (3, 16) which then acts as a mordant for hematoxylin. Furthermore, cbromation stabilizes some lipid fractions by rendering them insoluble in organic solvents (3, 5) . It was particularly this last property that seemed advantageous in considering the maintenance of the structure in lipoprotein systems for their study at the level of the electron microscope. Therefore, the fine structure of the cone and rod outer segments was reinvestigated and the results of the OsO4 fixation were compared with those obtained after chromation following formaldehyde fixation. The structure revealed by these two techniques was found to have a different density distribution. These results are discussed in terms of general organization, and a liquid crystalline structure as found in myelin is proposed for the retinal photoreceptors.
Techniques
Retinas of the adult toad Bufo arenarum Hensd were used. Fixation in osmium tetroxide was accomplished according to the technique previously described (7). The fixative was prepared by mixing 1 part of a 5 per cent osmium tetroxide solution and 4 parts of a commercial blood serum substitute (periston, Bayer) containing polyvinylpyrrolidone and balanced ions (33) . The final solution was slightly hypertonic for amphibia. PMade's fixative (17) was also occasionally employed.
Fixation in formaldehyde and postchromation were performed following the first steps of Baker's method for phospholipids (2) . Accordingly, the retinas were fixed in formol-calcium for 6 hours at room temperature and then treated for 18 hours at room temperature and 24 hours at 60°C. in a 5 per cent solution of potassium dichromate with 1 per cent calcium chloride. For purposes of comparative study (see below), toad and rat sciatic nerves were also fixed in formaldehyde and chromated by the same procedure.
After fixation, small squares of retina and pieces of sciatic nerves were embedded in butylmethacrylate and oriented to permit perpendicular sectioning. An RCA EMU-2E microscope provided with a 250/~ condenser, and 50 tz objective aperture was used. The residual astigmatism was compensated with a Canalco stigmator. Most micrographs were obtained at the maximum magnification of the instrument (about X 20,000) and enlarged further photographically.
OBSERVATIONS

Fine Structure of the OsO~-Fixed Visual Cell Outer
Segments:
The general structure of the outer segments of rods and cones is illustrated in Figs. 1 and 3 . The general arrangement within the rods is that of a stack of flattened sacs formed by two dense membranes that are in continuity at the edges and enclose a less dense space ( Figs. 1 and 7) . The outer segment of the rod is several microns in diameter and it is made of several lobules that in the section appear to be formed by separate parallel stacks of sacs. However, in cross-sections, it can be seen that all lobules are linked to a central stalk (I8). Fig. 2 illustrates another rod outer segment. In this case, the sacs are greatly distended and the thin innerspace of 30 A present in Fig. I has become very large. This distortion is probably a fixation artifact (25); Palade's buffered osmium tetroxide was used. Such an image is particularly advantageous for studying the arrangement of the outer segment components. The continuity of the two dense lines of each sac and the individual lobules are more dearly seen. Fig. 2 permits one also to differentiate easily the innerspace of the sac from the space in between the sacs. (It must be understood that the term "sac" is used only in a descriptive way, since the spaces between dense lines are probably occupied by organized materials as suggested below.)
The cone outer segment in contrast with that of the rod has a width of only about 1 Iz and does not present any lobulation (Fig. 3) . The pile of dense membranes is formed by the repeated folding of a continuous membrane as found by SjSstrand in the double cones of the perch retina (28) , and Yamada in the cones of the turtle retina (38) . The consequence of this arrangement is that in the cone outer segment the sacs are open (38) . Since in other respects the fine structure of rod and cone outer segments is very similar, the same nomenclature will be used in the following for both photoreceptors. Therefore (in analogy with the rod sacs), the narrower space between the cone osmiophilic lines will be identified as the sac innerspace (Fig. 4) and the wider space as the space in between the sacs. The description will thus be greatly simplified.
Measurements made on the osmium-fixed specimens give a thickness of about 40 A for the sac membranes of both photoreceptors and 20 and 30 A for the innerspace of the cone and rod sacs respectively. The space between the sacs is about 50 A in both photoreceptors. The total repeating period is of about 150 A for the cone and 160 A for the rod.
On both the rod and cone sacs, there are dense deposits of reduced osmium similar to those described in the rabbit. The significance of these was discussed in a previous paper (7) .
Fine Structure of the Cone and Rod Outer Segments after Fixation in Formaldehyde and Chromation:
The electron microscope image after formolcalcium fixation and treatment with dichromate is very different from that given by osmium tetroxide (Figs. 4 to 7) . Here there are in both photoreceptors two types of dense lines (11 and l~, Fig. 5) which alternate and which are separated by spaces of less density. One of the lines (l~) is thicker (approximately 70 A) and of lesser density. In the rods, Ii is double (Fig. 6) and is formed by two narrower lines; in the cones, there are only some indications that ll is double (Fig. 5) .
The other line (12) is thinner (approximately 30 A) and denser. It is not divided into two.
In the chromated material, there is apparently less shrinkage than in the material fixed in osmium tetroxide. The total repeating period which encompasses lb 12, and two less dense spaces is of the order of 190 A for the cone and 200 A for the rod. The periods are about 25 per cent larger than those given by osmium fixation.
The image observed in chromated toad and rat sciatic nerves (Figs. 8 and 9 ) is characterized by a regular alternation of light and dark dense lines. The general aspect strongly resembles that of photoreceptors (compare Figs. 5 and 9) although the spacing is smaller (130 to 140 A).
DISCUSSION
Before attempting to correlate the patterns observed after chromation and OsO4 fixation, it is pertinent to discuss briefly the results given by both techniques.
The pattern obtainable after OsO4 fixation is already well known but the interpretation in terms of molecular organization still presents many questionable features. Sj5strand (25) postulated that the existence of dense bands in the outer segments is due to the osmium deposition at the level of protein layers. This interpretation is consistent with the fact that the protein of the visual cells outer segments has a high content of sulfhydryl groups (4, 23, 35) which are known to be very reactive with OsO4 (1). However, recent work in pure lipid models (30) has resulted in the detection of layered structures in phospholipid myelin figures; the dense bands observed seem to be a product of the reaction of OsO4 with double bonds in the fatty acid chains. Therefore, the role of lipids in the formation of the final image of OsO4-fixed material should not be disregarded.
The technique of chromation after formaldehyde fixation has given acceptable results with respect to the maintenance of the fine structure of lipoprotein systems. The rod and cone outer segments and the myelin sheaths are relatively well preserved by this treatment and show a fine structure that can be compared with that given by osmium tetroxide fixation. The preservation of other parts of the cell is not good although mitochondria, the endoplasmic reticulum, and other cytoplasmic structures can be recognized. They are usually very much altered.
The interpretation of the image observed after chromation is also fraught with difficulties. Attempts have been made to establish the chemical significance of the dichromate reaction and a large part of the chromium uptake by the tissue seems to be related to the phospholipid fraction (14) . However, it is very likely that proteins may also take up chromium, and to what extent this is true is not known at the present time. Binding to proteins has not been clearly established with dichromate when used as a histologic fixative (3) and when dichromate is utilized as a mordant of wool in the textile industry, the process is carried out at the boiling point (13) .
In any case, it is still difficult to ascertain the magnitude of the chromium contribution to the 496 STRUCTURE OF RE~NAL PHOTORECEPTORS tissue density. Chromium is not a very heavy element, and it might very well be that it does not change appreciably the density distribution of the tissue. If this is the real situation, the pattern observed in chromated material would have to be interpreted in other terms than those of chromium deposition. Actually, there is an alternative way of explaining the additional features introduced by chromation in the electron micrographs of retinal photoreceptors. As it has been pointed out, it is well known that treatment of the tissues with dichromate insolubilizes some lipids in organic solvents, and already in 1909, Ciaccio (5) described a technique for phospholipids and "complex lipoids" based on the prolonged chromation followed by paraffin embedding. The mechanism of this insolubilization is unknown; it might be the consequence of the polymerization of unsaturated lipids (16) . It seems likely, therefore, that chromium, although not a high atomic weight element, could contribute effectively to the formation of the electron microscope image by stabilizing lipid substances and preventing their extraction during dehydration and embedding procedures.
The correlation of the patterns observed with both fixatives is made difficult by the repetitive character of the structure. An accurate way of determining the relationship between dense layers in OsO4-fixed material and bands 1~ and 12, would be to study a normal section through the edges of chromated outer segments. Unfortunately, the analysis of such a section is difficult since that of the photoreceptors is poorly defined in chromated material. Even in micrographs which otherwise show good detail, the edges of the outer segments appear blurred and the individual profiles of the dense lines can not be followed. Perhaps future improvements in the technical procedures will permit obtaining this piece of evidence, but meanwhile any interpretation of the structure must be done on hypothetical grounds.
Obviously, there are possibilities of matching both patterns by a simple shifting of bands, but two of them are more satisfactory if one assumes that within this particular system, lines of similar appearance and density correspond to layers of similar chemical nature.
In the first case, Is would occupy the center of the space in between the sacs of the OsO4-fixed structure. The other line, Ib would represent the two dense membranes constituents of a sac in the OsO4-fixed structure. The difference in thickness (11 = ~70 A; osmiophilic membranes plus innerspace = ~100 A) might be explained in terms of osmium deposition towards the outermost rim of the sacs. The consideration of the different shrinkage that both techniques introduce in the structure suggests that this difference in thickness is probably greater than 30 A.
The second possible interpretation involves the idea of a complimentariness of both patterns. This is to say that the 30 A thick 12 would be the counterpart of the sac innerspace (20 to 30 A), and l~ (70 A) would correspond to the space in between sacs (50 A). Negative images of cytoplasmic membranes, when osmium is absent in the picture, have been described already (29).
This uncertainty prevents a detailed analysis of the structure and it is not possible to formulate any statement concerning l~. Nevertheless, it is evident that whichever of the given explanations is the real one, 12 is a structural element not present in the OsO4-fixed outer segment. As suggested above, this implies that 12 represents a material that either does not have enough density to be detected in the OsO4-fixed structure (and chromium adds it) or that remains alcoholsoluble after OsO4 fixation and, therefore, is absent in the picture. Lillie has shown that in the rod outer segments of the guinea pig retina there are two lipid fractions (15) . One of them is highly resistant to extraction with organic solvents and seems to be a galactolipid which is strongly bound to the protein. The other is a phospholipid which is rather easily extracted but is rendered insoluble in lipid solvents after fixation in formaldehydedichromate mixtures. It is perhaps this last fraction which is represented by h. This assumption, however, is difficult to reconcile with the fact that brain phospholipids fixed in osmium tetroxide are insoluble in lipid solvents and can be detected in electron microscope sections (30) . It could be that the outer segment phospholipid fraction is less reactive to osmium tetroxide or that isolated phospholipids in myelin figures are better insolubilized by osmium tetroxide fixation, but at the present time there is no available evidence supporting either view. Therefore, the above interpretation of the chemical nature of 12 is presented only tentatively. To solve this problem more information is needed on the processes underlying chromation and osmium tetroxide fixation.
Another indication provided by the present observations is that the space in between osmio-philic sacs must be occupied, either by 11 or Iz. This space has not been endowed previously with any particular structure (25, 36, 37) and was mainly considered as a fluid space. However, the existence of regularly arranged dense bands occupying these spaces suggests that retinal photoreceptors are organized as continuous crystallike structures; that is to say that they (like myelin) are analogous to liquid crystals in a layer lattice. Therefore, if the data obtained on myelin (9, 10, 20) are extrapolable, there would not be any "free fluid" space in the retinal photoreceptors and the water would be present mainly in a coordinate state.
Sidman has studied the concentration of solids in visual cell outer segments by refractometry (22) . As this author stated, "the values of 40 to 43 per cent obtained for concentrations of solids in rod outer segments are far higher than those found for ordinary cytoplasm and are among the highest measured for any biological material." The water content (on per cent of weight basis) of rod outer segments was calculated to be 64 per cent; the value for cones was higher. On the other hand, Finean accepted a maximum of 50 per cent water in myelin (9) , but other authors have found a water content of 60 to 70 per cent in the myelin sheath (8, 21) . Thus, the data for photoreceptors and myelin are reasonably close considering that several different techniques were used. The divergence of Finean's figure may be due to the indirectness of his estimate.
The hypothesis that the outer segments are organized as continuous crystal-like structure requires studies by means of x-ray diffraction techniques in order to be confirmed, The existence of such a well ordered organization would be of considerable interest in any possible explanation of the mechanism of origin and transmission of excitatory processes induced by light. Photochemical phenomena involving the transfer of energy throughout an ordered array of molecules have been considered in chloroplasts (32) and a similar mechanism might be involved in energy transfer in retinal photoreceptors.
The possibility that the general organization in myelin and visual cells outer segments is very much alike is further stressed by the observation of both structures after fixation in formaldehyde and chromation. As was pointed out earlier, it is seen that the two types of dense bands in myelin sheaths of sciatic nerve resemble those found in retinal photoreceptors, particularly those in the cone outer segment. Yet, the images after OsO4 fixation are definitely different; the outer segments lacking the succession of dense and intermediate lines found in myelin (26) . Since it has been proposed that peripheral nerve myelin is composed of cell membranes (12) , and recently it has also been suggested that the membranes in the outer segment are a derivative of the visual cell outer membrane (31) , the further analysis of the mentioned differences and similitudes may give additional information of those hypotheses and the problem of cell membrane structure.
The observations here reported demonstrate that a more complete picture of the structure of a lipoprotein system can be provided by complementing fixation in OsO4 with the use of other fixatives. Whether or not the same is true in other biological structures can only be answered after a greater diversification and improvement o[ the fixation techniques.
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